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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is projected to become the second cause of cancer-
related deaths by 2020. Although it has traditionally been approached as one disease, accumulated
evidences point to the clinical heterogeneity of this disease which translates into disparity in
outcomes between patients. Much emphasis has been put into patient classification introducing a
platform for more tailored therapies. In the last ten years, there have been important advances in
the understanding of the molecular pathogenesis of PDAC, which has culminated with a
comprehensive integrated genomic analysis from RNA expression profiles. Bailey et a/. defined
four subtypes and the different transcriptional networks underlying them. We will first briefly
describe and compare different subtyping approaches which are mostly based on tissue mMRNA
expression analysis. We will propose that these latest approaches to disease classification embrace
not only those patients that are surgically resectable (20%) but even patients ineligible for surgery.
Such considerations will include possible reclassification of these specific subtypes, enabling more
personalized diagnosis and individualized treatment. The ultimate goal of this review is to /dentify
current challenges in this area and summarize current efforts in developing clinical modalities that
can effectively identify these subtypes in order to advance Precision Medicine.
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Introduction

Progress in survival among patients with solid tumors can be credited to effective modalities
of early detection and identification of cancer subtypes. Though the former has been
somewhat evasive for pancreatic ductal adenocarcinoma cancer (PDAC), subtyping of this
tumor has developed over the past 5 years, culminating in a Nature publication last year that
provided genetic signatures for four basic molecular subtypes (1). Classifying altered levels
of gene expression led to the establishment of gene programs (GPs) that are involved in
similar cell signals or functional unit. Allowing groups of genes to be considered as a single
entity and employed to define a molecular profile of each subtype was pivotal to this work.
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Indeed, these subtypes were shown to have similar yet distinct genetic and epigenetic
signatures (eg. DNA methylation), which are well-correlated with survival not only between
subtypes but even among GPs from each subtype. In addition, a comparison with cell lines
derived from KPC mice, a highly characterized and frequently employed mouse model of
PDAC, was included.

Considering Bailey’s classification as a reference, we will revise other types of
classifications established before, giving brief description of these works and comparing the
molecular features used to differentiate each subtype. A detailed mutational landscape of
these pancreatic cancer subtypes is beyond the scope of this review and has been elegantly
summarized recently (2,3). However, the utility of these subtypes and their potential
extension in both clinical and research settings will be addressed. Considering that the
majority of subtype classifications are based exclusively on about 20% of PDAC patients
(which represents only patients with early stage disease eligible for surgery), we will also
comment on other approaches employing serum as a source of information that could be
applied to any PDAC patient, regardless of stage. Future work will be considered including
correlations of all these subtypes with histopathology, /77 vivo models of PDAC, and
potential responses to current and future therapeutic regimens, a strategy previously utilized
to identify the first set of PDAC subtypes (4). The ultimate goal of this review is to revise
current efforts in developing modalities in the clinic that can effectively identify these
subtypes in order to advance Precision Medicine.

Large-scale genomic analyses based subtypes:

Previous reports identified specific signaling pathways that are commonly observed in
PDAC, some of which are likely components involved in its etiology(5). Employing such
findings, Bailey et a/ selected signaling cascades (KRAS, TGFB, WNT, NOTCH) and/or
cellular functions (cell cycle, DNA repair, RNA processing) to define various genes
programs (GPs), and collected data supported this initial supposition. Initially using a small
cohort of 96 tumors for clustering of RNASeq data, four groups readily emerged from which
PDAC subtypes were defined. Many of these had similarities with previously published
PDAC subtypes ((4,6) Table 1), which served to confirm this approach and the data
collected. This approach was then expanded using an additional cohort of 343 patients.

Whole genome and deep-exome sequencing of 456 PDAC samples collected after surgical
resection were completed and utilized to identify a comprehensive genetic mutational
analysis or landscape. From this work, ten molecular systems captured these mutated genes
including KRAS, G1/S checkpoint, 7TGFB signaling, histone modification, and others.
Importantly, these 10 molecular characteristics were overlapping between the PDAC
patients. Also, 50 regions of gain (7 chromosomal arms, generally oncogenes) and 73
regions of loss (12 chromosomal arms, typically tumor suppressor genes) were identified in
this cohort of PDAC patients. RNASeq was the second evaluation performed on these
samples to confirm, in part, findings from DNA exome sequencing and extend this approach
to identify transcriptional networks that could define specific subtypes. Of 26 defined
networks and downstream targets related to development and regeneration, 10 GP were used
to discriminate 4 PDAC subtypes: (1) squamous; (2) pancreatic progenitor; (3)
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immunogenic; and (4) aberrantly differentiated endocrine exocrine (ADEX). These data
were assembled into heat maps with altered gene expression (constitutive mutant, partial or
complete loss, etc.) selected for specific categories of genes based on their commonality
among a given pathway. These heat maps could be readily organized into GPs which were
used to identify individual PDAC subtypes based on an empirically established algorithm.

Molecular Features of PDAC Subtypes

The Squamous Subtype (31% incidence) has the largest and most diverse set of GPs (GP2—
5) than any other subtype and is correlated with significantly worse disease outcomes (13.3
months), with nearly half the survival rate compared to the average of the other three
subtypes. This is likely due to the sheer number and variations of systems that are impacted
in this subtype including altered transcriptional activity (p63), inflammation, hypoxia,
metabolism (likely including oxidative stress), ECM, TGFB and WNT signaling cascades,
activated MYC, and autophagy.

The Pancreatic Progenitor Subtype (19% incidence) is characterized by a single GP (GP1)
comprised of developmental transcription factors including PDXI1, HNFS, FOXAS, HES],
and metabolic features including those linked to fatty acid oxidation, steroid hormone and
drug metabolism, and glycosylation. The latter has downstream impact on mucins,
implicating a greater presence of IPMN which is observed in this subtype. Some patients
with this subtype survive 4 years or longer though overall outcomes (23.7 months) are
marginally less than the Immunogenic (25.6 months) and ADEX (30.0 months) subtypes.

The Immunogenic Subtype (29% incidence) captures the same GP as that for the Pancreatic
Progenitor Subtype (PG1) but has an additional three GPs (GPS 6-8) that contain a family
of genes related to immune cell function including aberrations related to B-cell function,
antigen presentation, CD4* and CD8" T cell signaling, Toll-like receptor ( 7LR) signaling,
and upregulation of CTLA4and PD1. For this particular subset of patients, the underlying
rationale would be that restoration of critical immune system functions in addition to
checkpoint inhibition could offer some benefit and improve outcomes for these patients.

The Aberrantly Differentiated Endocrine Exocrine (ADEX) Subtype (21% incidence)
includes two GPs (GPs 9-10) with one focused on exocrine function/secretion (M/ST1,
NR5A2, etc.) and the other related to genes involved in B-cell development (MODY;, INS,
NEURODI1, NKX2-2, etc.) and those upregulated following mutant KRAS expression. The
likely culmination of endocrine and exocrine dysfunction may represent a causative link
between pancreatic cancer and diabetes.

Comparison between PDAC classifications

Sequencing of the human genome has profoundly altered our understanding of the biology
and diversity of this disease. The birth of personal genomes and genomic medicine has been
made possible by extraordinary advancements in sequencing technologies over the past 10
years(7). Global genomic analyses were applied to human pancreatic cancer patients in the
search of new insights into the tumor pathogenesis. In 2008 Jones et al. performed a
comprehensive genetic analysis of 24 pancreatic cancers and determined 69 gene sets that
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were genetically altered in the majority of the 24 cancers examined, defining a core set of 12
cellular signaling pathways and providing data required for personalized cancer medicine(5).
This research opened the search of new therapeutic options for patients with pancreatic
cancer. Although these results point to the utility of personalized medicine, the works by
Collisson et al.(4) and Moffitt et al. (6) set the stage for categorizing PDAC into
classifications or subtypes. Both were pivotal in providing a platform for grouping
pancreatic cancer as a means to improve patient stratification for more tailored therapies, the
goal of Precision Medicine. In this capacity, both reports serve as foundation for the latest
subtyping described in Bailey et al.(1).

In 2011, Collisson et al.(4) applied global gene expression analysis for subtype
identification. In order to overcome the limitation of tumor specimens available for this
study, the authors combined analysis of transcriptional profiles of primary PDAC samples
from several studies along with human and mouse PDAC cell lines. They merged one
dataset generated by their group using 27 microdissected PDAC material and another
previously published dataset(8). From the combination of these two clinical datasets, they
proposed a 62-gene signature designated as PDAssigner, that could classify subtypes as
classical, quasi-mesenchymal (QMPDA) and exocrine-like based on specific gene
expression. As a further validation process, they applied the PDAssignerto three additional
published PDAC expression datasets(9-11) and were able to classify these samples in the
aforementioned three subtypes. Moreover, PDAssignerwas a predictor of overall survival.
They also attempted to apply the classifier to a collection of 19 human and 15 mouse PDAC
cell lines but were not able to find any representation of the exocrine-like subtype. Finally,
they proposed subtype-specific drug responses to Gemcitabine and Erlotinib using cell lines.
QM-PDA subtype lines were, on average, more sensitive to Gemcitabine than the classical
subtype. Conversely, Erlotinib was more effective in classical subtype cell lines. Using a
recently established patient-derived PDAC cell line (Pancreatic Ductal AdenoCarcinOma or
PACO), the three subtypes defined by Collison et al. have been described (12). Two markers,
HNF1A and KRT&1, were identified by immunohistochemistry to stratify tumors into the
three subtypes. Individuals with resectable HNVF1A+ exocrine-like PDAC were found to
have the best survival rates. In 2015, Moffitt et a/.(6) extended on the work from Collisson et
al. by defining two tumor subtypes while adding stromal classifications. One of the tumor
subtypes is classified by a more universal tumor identity. The basal-like subtype defined was
consistent with other cancer basal-like subtypes such as bladder or breast and is comprised
of tissue with high content of laminins and keratins. The Moffitt classical subtype
overlapped with Collison’s classical subtype and is characterized by high adhesion-
associated proteins, ribosomal and epithelial gene expression, and elevated GATA6
expression. When comparing with the other two subtypes described by Collison, Moffitt
stated that the QM subtype is partially driven by non-tumor contributions of the stroma and
the exocrine-like subtype by the normal pancreas. As stated before in Collison’s model, cell
lines failed to represent the different subtypes described. Likewise, all cell lines (as well as
the majority of the metastatic samples) in Moffitt’s were classified as “basal-like”,
suggesting once again that cell line models represent only one subset of PDAC.

The primary uniqueness of this work is the definition of stromal subtypes (normal and
activated), besides the tumor subtypes as described above, which were distinct in separating
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tumor, stroma, and normal gene expression profiles. The work included analyses of gene
expression in a cohort of microarray data from 145 primary and 61 metastatic PDAC tumors,
17 cell lines, and adjacent normal samples from 46 pancreatic and 88 distant sites.
Validation using RNA sequencing was performed on 15 primary tumors, 37 pancreatic
cancer patient-derived xenografts (PDX), 3 cell lines, and 6 cancer associated fibroblast
(CAF) lines.

The most recent subtyping classification presented by Bailey ef a/.(1) involves a
comprehensive integrated genomic analysis of 456 pancreatic ductal adenocarcinomas to
define differential expression of transcription factors and downstream targets. Initially, they
enriched the samples, selecting tumors with high epithelial content (=40%) to balance
stromal gene expression. When this transcriptome classification is compared with the other
two previously published studies, Bailey and Collison classifications overlapped except for
the addition of the immunogenic subtype. The Collison QM corresponds to squamous,
classical corresponds to pancreatic progenitor, and exocrine-like to ADEX. On the other
hand, there was less similarity between the Moffitt and Bailey subtypes, probably due to the
reduced stromal component in the latter. A comparison of these three subtypes has been
summarized in Table 1.

In 2015, Waddell et a/. performed whole-genome sequencing and copy number variation
analysis of 100 PDAC samples showing that variation in chromosomal structure is an
important mechanism of DNA damage in pancreatic carcinogenesis and employed structural
variation profiles to classify PDAC into four subtypes (stable, locally rearranged, scattered
and unstable subtypes, according to the structural variation events) with potential clinical
relevance to platinum-based therapies(13). Recently, a report linked mutation burden
(defined by whole genome and exome sequencing) as a marker for immunotherapy response,
in a subset of mismatch repair-deficient patients which represent a small, but meaningful
proportion of pancreatic cancers with a prevalence of 1% (14). Another approach for PDAC
patient classification combined histopathological and molecular profiles. According to tumor
morphology, PDAC was classified as conventional type, which showed an equal mixture of
various histological elements; combined PDACs, which were characterized by a dominant
histological component (defined as involving more than 30% of the tumor area) and PDAC
variants including adenosquamous, colloid, papillary and special carcinomas. Combining
these classifications and the mutational status of the four driver genes (KRAS, CDKNZ2A/
P16, SMAD4and TP53) correlated with PDAC outcome(15). All these studies show that
unlimited number of characteristics can be selected as features to classify patients, which
translated into the same number of different classification approaches. We acknowledge the
combined approach in (15) where both histopathologic heterogeneity and genetic profile
correlate with survival.

Previous genome sequencing efforts have focused on tumors with relatively high neoplastic
cellularity (either by using techniques that purify tumor samples, microdissection of the
tissue or generating cell lines or patient-derived xenografts). However, it has been
demonstrated that tumor purity can influence cancer subtypes. In 2017, Raphael et a/.
performed a multi-platform analysis (genomic, transcriptomic and proteomic profiling) of
150 pancreatic cancers accounting for neoplastic cellularity highlighting that depth of
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sequencing is important for the detection of mutations and somatic copy number alterations
in low-purity samples(16). Two tumor-specific subtypes of PDAC were proposed: basal-like/
squamous (enriched in 7P53 mutations) and classical/pancreatic progenitor (enriched in
GNAS mutations). These two subtypes also harbored specific regulation of miRNA and
DNA methylation. By means of protein expression analysis, they also described prognostic
subtypes with a group of tumors displaying improved overall survival which harbor elevated
RTKand MTORC signaling.

Other approaches for PDAC classification:

Much effort has been focused on identifying specific PDAC subtypes due to the impact that
tailored therapies can have in PDAC patient survival. However, the clinical application of
PDAC subclassification is lacking due to less than reliable biomarkers that define these
molecular subtypes. It has become evident that genetic changes alone are not enough to
understand most PDAC. Thus, genomic data is to be complemented with proteomic (and
other-omics) based approaches to decipher the active molecules driving PDAC.

Using Immunoaffinity-coupled high-resolution mass spectrometry over two panels of PDAC
cell lines, three different subtypes have been described based on distinct tyrosine
phosphorylation profiles (signaling networks associated with cell-cell adhesion and
epithelial-mesenchyme transition, MRNA metabolism, and receptor tyrosine kinase (R7K)
signaling)(17). Interestingly RTK-enriched cell lines exhibited enhanced sensitivity to the
small molecule EGFR inhibitor erlotinib, indicating that their phosphosignature may provide
a predictive biomarker for response to this targeted therapy. As an example of all the
discrepancy that exists regarding classifications methods, the authors of this last paper could
not find any correspondence of their classifier with those obtained via transcriptomics or
gene mutation patterns. Considering that Moffitt ef a/assigned all the PDAC cell lines to a
single subtype (basal), this approach is, according to the authors, clearly resolving subtypes
not detected by these works. It should be noted that the fact that we can determine an altered
transcriptome in a patient does not mean it is going to be translated and manifested
phenotypically. In this sense we consider that the combination of different-omics
technologies could give a more detailed profile of changes to classify PDAC patients.

These are examples of elegant works trying to classify PDAC patients. However, the source
of information remains primary tumor. The challenge here is being able to diagnose the
PDAC subtype just with a blood test and hence, adapt the treatments accordingly. In an
attempt to expand the classification to all PDAC patients, regardless of the stage, serum
biomarkers arise as an ideal source of molecular signatures. Tumor marker carbohydrate
antigen CA19-9 has been widely used in PDAC diagnosis and is still the current standard
serum tumor marker. Nevertheless, there are some limitations in the usefulness of this
marker including its elevation in only about 65% of individuals with resectable pancreatic
cancer, poor utility in screening asymptomatic populations, lack of discernment between
pancreatic cancer and chronic pancreatitis, and appearance in many other malignances. In
this way, the European Group of Tumor Markers (EGTM) the National academy of Clinical
Biochemistry (NACB) recommend that CA19-9 should not be the only indicator used for
diagnosing PDAC(18). Several combinations with CA19-9 have been considered, with a

Ann Med. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Torres and Grippo

Page 7

recent report demonstrating the improved specificity and sensitivity of CA19-9 with
thrombospondin as a combined approach in asymptomatic individuals who have a high risk
of developing PDAC (19). Yet, there remains an urgent need to identify additional
serological biomarkers for the detection of early stages of PDAC with full appreciation for
the heterogeneity typically observed in these patients. As Harsha et a/ commented in their
paper describing an excellent compilation of potential biomarkers of pancreatic cancer(20),
the problem with serum biomarkers in PDAC could be that there are too many. The
challenge should be focused on validation of previously identified biomarkers and the
pursuit of classifications based on them. This is an area of research that still requires greater
effort.

Circulating tumor cells (CTCs) could represent another source of blood-based molecular
profiles. CTCs are tumor cells shed off from a primary tumor into the circulation and it is
widely accepted that they are involved in the metastatic migration of solid tumors to distant
sites(21). Thus, the use of CTCs as a real-time liquid biopsy has received attention over the
past years(22). Association between CTCs and cancer subtypes have been previously
described mainly for breast cancer(23,24), showing also prognostic impact to tumor
responses(25). Very recently it has been proposed that CTCs may serve as potential
biomarkers for PDAC(26). In this report, the authors conclude that both CTC subtype
(triploid, tetraploid or multiploid cells) and total number were upregulated in the peripheral
blood of PDAC patients when compared with healthy controls, serving thus as a diagnostic
tool for the disease. Another recent study showed that patients with >3 CTC/ml tend to have
a worse overall survival (OS) than patients with 0.3-3 CTC/ml(27). However, isolation and
enrichment of the samples are very challenging processes, particularly for PDAC, which has
been defined as a cancer with one of the lowest number of CTCs in circulation(28).
Although we tend to think about genes when dealing with heterogeneity, one cannot ignore
other sources of variability including metabolic rewiring. Although the apparent differences
in energy metabolism in different tumors are attributable to their intrinsic genetic,
epigenetic, and microenvironmental characteristics, they may also represent distinct
subtypes(29). In this regard, the following subtypes have been proposed: “glycolytic” PDAS
(comparable to the QM-PDASs), with elevated glycolysis and serine pathways, increased
monocarboxylate transporter 1 (MCT1) expression, and high glutamine incorporation into
TCA cycle metabolites; “lipogenic” PDAs (comparable to classical PDAS), with lipid and
electron transport chain metabolite enrichment and high lipogenesis gene expression, high
oxygen consumption and mitochondrial content, and high glucose incorporation into TCA
cycle metabolites; and “slow proliferating” PDAs low in amino acids and carbohydrates.
These subtype-specific cell lines were also shown to have different responses to various
metabolism-based inhibitors(30). For example, mesenchymal tumors may be more
vulnerable to ROS-inducing agents and antioxidant responses.

Utility, Limitations and challenges in PDAC Subtyping

PDAC is a heterogeneous and molecularly complex disease with significant differences
observed in outcomes among individual patients. Hence, there is a need towards tailored
therapies specific for genetic, even biomolecular characteristics of individual tumors,
including PDAC and other cancers(31). In clinic, cancer typically is identified by
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histopathological analysis or by different, well-established imaging modalities including
computer tomography (CT), magnetic resonance imaging (MRI), positron emission
tomography (PET), X-ray, and ultrasound (US). Histological analysis is the gold standard
for clinical diagnosis of cancers and for contributions to prognosis, identification of disease
stage, and potential therapeutic targets(32). Histopathology requires tissue biopsies and
subsequent examination by a pathologist(s), which still remains somewhat subjective. In
more recent years, a reshuffling of PDAC classifications has been underway, from the
histopathologic subtypes (which traditionally define PanIN or cystic-derived PDAC) to the
molecular subtypes determined from various high-throughput profiling techniques
previously described in this review.

A predominant advantage of PDAC subtyping is related to Precision Medicine. Molecular
subtyping provides information that can substantially impact the selection of treatments for
this disease particularly at specific stages. For a metastatic disease, such as PDAC, systemic
chemotherapy is the most common treatment modality, though its benefits are often
marginalized. The traditional “one-size-fits-all” approach can lead to a patient’s unnecessary
exposure to the toxic effects of treatments without much of a survival benefit. Patient
stratification is a critical component to this approach. Identifying unique therapeutic targets
while also exposing novel targets can be tested for clinical use and ultimately establish
treatments for each individual subtype. In the search for innovative approaches to treat
PDAC, one example would be therapies that specifically target mechanisms of immune
evasion (that are currently in clinical trials for other cancer types), which could be tested in
patients with an Immunogenic Subtype. Immune modulators could be used in this PDAC
subtype and potentially targeted to restore specific mechanisms that will prompt tumor cell
death by the immune system. Hence. testing in clinical trials is encouraged. Indeed, the
genetic, stromal, and immunologic features of PDAC have been interrogated defining
immunologic subtypes. The mutational burden of PDAC has been associated with distinct
immunosuppressive mechanisms that are conditioned by the tumor-stromal environment.
These defined subtypes have significance for utilizing immunotherapy in the treatment of
PDAC. For example, a high concentration of lactate could weaken immune responses and
lead to therapeutic resistance. Therefore, normalizing the metabolic or biologic features of
the tumor microenvironment in combination with therapies targeting multiple
immunosuppressive mechanism may be required to successfully implement immunotherapy
in PDAC(33).

Despite intensive research on predictive biomarkers for effective responses to chemotherapy,
few clinically useful markers have been identified. In most instances, sensitivity of cancer
cells to drugs is likely to depend on a multiplicity of genomic and epigenomic variables.
Indeed, single gene—drug associations are only rarely found(34). Thus, a panel of genes
could help to monitor specific subtype treated-patients and determine biomarkers that
forecast the likely course of the disease in a defined clinical population under specific
treatment conditions. One of the main hallmarks of PDAC is the development of
chemoresistance(35). Gemcitabine has been the mainstay of first-line PDAC treatment
increasing overall survival (OS) to 5.6 months (compared with the 4.41 months OS after
fluorouracil (5-FU) treatment)(36). Several targeted agents have been tested in combination
with gemcitabine and have failed to confer any added benefit, with the notable exception of
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erlotinib. This small molecule inhibitor of epidermal growth factor receptor (EGFR) tyrosine
kinase conferred a very modest improvement in survival over gemcitabine alone(37). Nab-
paclitaxel combined with gemcitabine was also shown to improve OS compared to
gemcitabine alone(38). Subtyping PDAC has opened a door toward improved understanding
of tumor biology, which would help develop and establish second and subsequent lines of
targeted chemotherapies. This should challenge the current state of affairs where the
majority of patients succumb within a year of diagnosis despite an increased number of
therapeutic options available today.

Enrollment of PDAC patients on clinical trials is also critical for the achievement of
Precision Medicine. Pancreatic Cancer Action Network (PanCan) is launching a
groundbreaking initiative to dramatically improve patient outcomes and advance in the goal
of doubling patients’ survival by 2020. Precision Promise is the first adaptive clinical trial
platform for PDAC patients. The aim of this concerted effort is to change the PDAC
treatment paradigm, by testing multiple leading-edge therapeutic options at the same time,
compared to the traditional approach that tests only one or two treatments. Every enrolled
patient’s tumor in Precision Promise will be comprehensively studied with biopsies before
and after treatment (using a common platform) to obtain a better understanding about why
some treatments work well in some patients and less in others and identify the
corresponding molecular alterations most likely to respond to specific treatments. The data
collected from the 12 organizations that are part of the consortium will be collated and
analyzed together for efficient and timely dissemination of this trial data.

Improved diagnostic biomarkers for early detection and prognosis of this disease would
likewise impact patient survival(39). In this regard, correlating PDAC subtypes with
differences in its molecular evolution, particularly at earlier stages, could provide insight
into disease mechanisms and unique serological biomarkers for each subtype. Yet finding a
prognostic biomarker or panel of markers that would be able to predict patient outcomes
before an initiated chemotherapeutic regimen would: (2) identify patients more likely to
benefit from more aggressive therapies; (b) reduce risks of toxic side effects, and (c)
encourage application of new combinations of therapies or individualized treatment
protocols according to subtype-expected responses. Also, markers that display prognostic
significance offer the potential to become optimal therapeutic targets in the management of
PDAC(40).

Despite these advantages, there are some caveats that cannot be ignored. Although PDAC is
one of the most aggressive cancers, it has a low incidence, approximately 9 new cases per
100,000 persons (0.009%)(41), which translates into lower numbers of samples. Hence,
subdividing the already small patient pool will make statistical significance more difficult to
achieve. Indeed, the lack of significant biomarkers may be a reflection of a very diverse
patient population and hence further reduced patient pool. From a diagnostic point of view,
particularly at clinical level, oncologist, pathologists, and surgeons need to be able to
diagnose the disease in a defined period of time. In this regard, several questions may arise:

1. How large is the gap between genomic information and translation to clinical
care?
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2. How much is the real cost for diagnosing PDAC subtypes using a genomic
approach?

3. Is incorporation of molecular subtyping feasible in the practice of surgery and/or
in clinic?

4. Can molecular profiling integrated with histopathology improve diagnosis and

patient care?
5. Can genomic and biomolecular signatures correlate to cellular phenotypes?

Addressing these issues would provide some relief to the aforementioned limitations
regarding patient stratification using PDAC subtyping.

For the majority of PDAC patients (80% or more), surgery is not an option(42) as the disease
is far too advanced and thus inoperable. Bailey et al. have approached the classification of
PDAC subtypes using pancreatic tumors samples which had been surgically removed from
patients (as done in previous works(4,6)). Consequently, obtaining tumor samples for all the
patients (regardless of the stage of diagnosis) could represent a hindrance for the success of
this classification method (it does, to some extent, also represent a biased cohort). Although
these tissue-based classifications promise to drive development of new diagnostics and more
tailored and effective therapies, samples obtained from biopsies lose important histological,
cellular, and subcellular context that could add useful information. Continued advances in
basic and clinical cancer research will likely require new comprehensive molecular profiling
technologies(43) to consider information at these levels.

Further Characterization & Future Utility

From a basic research perspective, mouse models can provide an excellent platform with
which to study human disease. There are a wide variety of well-characterized and novel
PDAC models available(44), but it is essential to ensure select models accurately replicate
genetic alterations and overall phenotypes observed in human tumors. Being able to identify
human-to-mouse disease subtype counterparts will facilitate etiological determinants,
highlight the effects of mutations on various pathway activation, and improve preclinical
drug testing. All three of these data points can translate into better patient care, though this
will take time. Patient derived tumor xenograft (PDX) models for cancer research have
attracted interest in the recent years because they retain the principal histological and genetic
characteristics of their donor tumor and remain stable across passages. Thus, they represent
more advanced preclinical cancer models (45). Using PDX, Rubio-Viqueira et af, developed
a clinically meaningful /n vivo platform for late preclinical drug development in pancreatic
cancer (46). As the authors stated this model can be used as an /17 vivo screening modality to
test novel drugs with therapeutic potential. Indeed, it could be a reasonable platform to
evaluate markers of response, selection of appropriate drugs, and consideration of drug
resistance in order to develop and apply novel technologies to treat individual patients.
However, the putative loss of the tumor stroma during xenotransplantation and replacement
by that of the host can affect cellular crosstalk and therefore tumor biology (47).
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A more immediate impact would be subtyping all PDAC patients for improved stratification.
Although these reports of PDAC subtyping have expanded our knowledge about this disease,
none of the classification systems have been universally applied, which impedes clinical
advancement towards Precision Medicine. Besides highlighting the different subtypes,
particularly the most recent one, the true essence of this commentary is intended to go
beyond mere recapitulation or marginal advancement. Improving patient survival will likely
require a paradigm shift and extend well beyond enhanced understanding of this disease.
Translating PDAC subtyping at the patient level will lead to identification of more effective
early detection strategies, novel therapeutic targets, and advance the means to follow patient
responses and outcomes. Hence, efforts should be made to build a more complete diagnostic
profile for each subtype that could help in the management of this disease.

All diseases comprise an underlying complex set of alterations at a cellular or biochemical
level (specific changes in concentrations and/or structure of proteins, lipids, carbohydrates,
and nucleic acids) which ultimately can lead into a more aggressive phenotype. Although
this DNA/RNA profile has shed light on the molecular pathology of PDAC for subtype
classification, a previously validated imaging platform that would generate a biomolecular
profile is likely to identify specific PDAC subtypes on a more functional level. Fourier
transform infrared (FT-IR) spectroscopic imaging has become a popular technique in the
field of oncology as it offers the capability of identifying a comprehensive biochemical
signature of tissues and what is more interesting, of serum and other biofluids(48). It has
been shown to have applicability in the diagnosis of several cancers (49-51). The loss of the
histological, cellular and subcellular context is here avoided.

As stated before in Utility, Limitations and Challenges in PDAC Subtyping section,
diagnosis and treatments have been made solely on histopathology for decades. Combining
advances in omics technologies (genomics, transcriptomics, epigenomics, proteomics,
lipidomics and metabolomics) with the strengths of PDAC subtyping could help oncologists
improve disease diagnosis. As previously stated, PDAC subtype classification from surgical
specimens only offers hope for less than 20% of all PDAC patients. It is critical to determine
a system able to capture all PDAC subtypes regardless of disease stage, being serum the
preferred source for non-invasive interrogation. Integration of all the different approaches
described through this review would offer physicians the information needed for
implementing Precision Medicine for PDAC patients. Genomic, transcriptomic and
proteomic analyses can provide a comprehensive overview of an individual patient’s cancer,
and this information can impact clinical decision making(52). Disease stratification using
different technologies may establish a more clinically meaningful taxonomy of cancer and
would facilitate cancer diagnosis.

This is just an example of the directions that could be taken to complement genomic
subtypes with cellular and subcellular molecular fingerprints in an attempt to construct a
more potent tool for PDAC patient stratification. This approach will instill new hope for
improved screening and diagnosis, accurate subtyping, and more precise therapeutic
intervention, which would have great impact in the treatment and management of this
disease.
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Conclusion

With the projection of becoming the second leading cause of cancer-related deaths within
the next ten years, PDAC remains one of the biggest challenges for the research and medical
community. Subtypes described here begin to expose the biologic heterogeneity of this
cancer although this variation might not be entirely captured jet by current subtyping
approaches and the lack of consensus in their applicability

Despite similarities among the various PDAC subtypes, there does remain a lack of complete
consensus and virtually no consideration for over 80% of the PDAC patient population.
Given the potential clinical implications of employing PDAC subtyping, one emphasis
should be on defining a unique and universally accepted PDAC subtyping approach. Hence,
more work is needed, especially for the consideration of patients ineligible for surgery. New
technologies, as DNA and RNA sequencing has done in the past decade, will have
considerable impact on coalescing a broad knowledge base regarding PDAC biology. This in
turn will offer new hope for future opportunities in drug development, therapeutic strategies
and improved clinical outcomes. Nevertheless, this application will require modalities to
translate subtype classification to the clinic in a cost-effective high-throughput manner.
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Key Messages:
Pancreatic cancer can no longer be considered as one disease.

The heterogeneity underlying pancreatic cancer patients makes therapeutic
options based on one-size-fits-all approach ineffective.

Identifying patients that could benefit from a specific treatment would help to
avoid futile therapy approaches and to improve outcomes and quality of life
of those whose long-term survival is unpromising.
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Table 1:
Comparison of the distinct molecular subtypes of Pancreatic Cancer
Ref Classification Survival (months) Source Methodology Comments
First reference to
targeted therapies.
Sequencing of Target physiologic
Jones (5) 12 signaling pathways Not specified 24 human PDAC tissue protein-coding gr{gfg; ?)];ttt?\?vays /
genes processes rather
than individual
genes.
Classical: adhesion-
;g]i’(;iated and epithelial 23 Only two first
: 27 Microdissected E%R’gi:mﬁr:san
Quasimesenchymal human PDAC tissue 19 Global gene QM-PDA subt : o
Collison (4) (QM): mesenchyme 6,6 Human PDAC cell lines expression Iines gemcitabi)r;’;
associated genes. 15 MOUSI?nZEAC cell analysis sensitive. Classical
Exocrine-like: tumor subtype cell lines
cell derived digestive 19.7 Erlotinib sensitive.
enzyme gerne.
Stroma-specific subtypes:
Normal: markers for 24
pancreatic stellate cells. Collisson’s
R - “classical” subtype
macrophage, genes with 15 ; Moffitt’s classical
y pt 96, gt i 145 primary & 61 Global gene subtype. QM
roie in wmor promoon. metastatic PDAC tumors expression subtype appeared
] enpcifi . 17 PDAC cell lines 46 analysis. to be a mixed
Moffitt (6) Tumor-specific subtypes: pancreas & 88 distant Validation with | collection of genes
Classical: high site adjacent normal RNA from “basal-like”
adhesion-associated, samples sequencing and stromal
ribosomal and epithelial 19 subtypes.
gene expression, and Al cell lines were
elevated GATAG classified as basal-
expression. like.
Basal-like: /aminins and 11
Keratins.
Subgroups of PDAC based on the frequency and
distribution of structural rearrangements:
Stable: < 50 structural
variation events and
often exhibited -
widespread aneuploidy Not specified
suggesting defects in
cell cycle/mitosis.
Define putative
chql I'y rearranged: gggggiﬁﬁgoan;g biomarkers of
Waddel (13) significant focal event 100 PDAC samples copy number therapeutic

on one or two
chromosomes. Common
focal amplifications in
KRAS, SOX9 and
GATAG6 and therapeutic
targets such as ERBBZ,
MET, CDK6, PIK3CA
and PIK3R3.

Not specified

Scattered: moderate
range of non-random
chromosomal damage

Not specified

variation
analysis

responsiveness for
platinum-based
chemotherapy.
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Ref

Classification

Survival (months)

Source

Methodology

Comments

and less than 200
structural variation
events

Unstable: Large number
of structural variation
events (<200, maximum
of 558). Defects in DNA
maintenance.

35 platinum-based chemo

Bailey (1)

Squamous: enriched for
activated a6B1 anc
a6pB4 integrin signaling
and activated EGF
signaling.
Hypermethylation of
genes that govern
pancreatic endodermal
cell-fate determination
leading to a complete
loss of endodermal
identity.

Aberrantly
differentiated
endocrine exocrine
(ADEX): transcriptional
networks in later stages
of pancreatic
development and
differentiation.
Transcription factors
NR5A2, MIST1
important in acinar cel.
differentiation and
pancreatitiss
regeneration. Genes
associated with
endocrine differentiation
and MODY.

25.6

Pancreatic progenitor:
pancreas development,
Gene programs
regulating fatty acid
oxidatfon, steroid
hormone biosynthesis,
drug metabolism and O-
linkec glycosylation of
mucins.

23.7

Immunogenic: /mmune
infiltrate. B cell
signaling pathways,
antigen presentation,
CD4+ T cell, CD8+ T
cell and Toll-like
receptor signaling
pathways

30

456 primary tumors 41
patient-derived cell lines
Mouse PDAC cell lines

Integrated
genomic
analysis (whole-
genome and
deep-exome
sequencing,
with gene copy
number
analysis);
RNASeq

Very similar to
Collison except for
the Immunogenic.
Overlapping:
Squamous, QM
and “basal-like”;
pancreatic
progenitor and
classical; ADEX
and exocrine-like.

Raphael (16)

Basal-like/squamous:
enriched in TP53
multations. Specific
miRNA and DNA
methylation patter.

Not specified

Classical/pancreatic
progenitor: enriched in
GNAS mutations.
Elevated RTK and
MTORC signaling

Improved OS

150 pancreatic cancers

Multi-platform
analysis:
genomic,

transcriptomic,

and proteomic
profiling

Recurrent
mutations
identified (KRAS,
TP53, CDKNZA,
SMAD4, RNF43,
ARIDIA,
TGFbR2, GNAS,
PBRM1) common
to other subtypes.
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